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ABSTRACT: 18 
This study examined the contribution of muscle fiber orientation at different knee angles to regional 19 
activation identified with high-density surface electromyography (HDsEMG).  Monopolar HDsEMG 20 
signals were collected using a grid of 13x5 electrodes placed over the vastus medialis (VM).  21 
Intramuscular electrical stimulation was used to selectively activate two regions within VM.  The 22 
distribution of EMG responses to stimulation was obtained by calculating the amplitude of the 23 
compound action potential for each channel; the position of the peak amplitude was tracked across 24 
knee angles to describe shifts of the active muscle regions under the electrodes.  In a separate 25 
experiment, regional activation was investigated in ten knee flexion-extension movements against a 26 
fixed resistance.  Intramuscular stimulation of different VM regions resulted in clear differences in 27 
amplitude distribution along the columns of the electrode grid (P < 0.001); changes in knee angle 28 
resulted in consistent shifts along the rows (P < 0.01) and negligible shifts along the columns of the 29 
electrode grid.  Regional VM activation was identified in dynamic movement, with distal shifts of the 30 
EMG distribution in the eccentric phase of the movement (P < 0.05) and at more flexed knee angles (P < 31 
0.05).  HDsEMG was used to describe regional activation across the VM that were not attributable to 32 
anatomic factors.  Changes in muscle fiber orientation associated with knee joint angle mainly influence 33 
the amplitude distribution along the fiber direction.  Future studies are needed to understand possible 34 
functional roles for regional activation within the VM in dynamic tasks. 35 
 36 
NEW & NOTEWORTHY: 37 
This study showed, for the first time, that regional activation induced by intramuscular stimulation in 38 
vastus medialis is relatively unaffected by changes in knee angle.  When examined in voluntary dynamic 39 
contractions, there were shifts in regional activation that were not attributable to anatomic factors. The 40 
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difference in EMG amplitude distribution between concentric and eccentric contractions provides 41 
preliminary evidence that regions within the VM can be preferentially recruited according to the 42 
mechanical demands of the task.  43 
 4 
 
INTRODUCTION: 44 
The activation of different regions within the vastus medialis (VM) is known to affect knee 45 
extension (proximal VM) and patellar tracking (distal VM) (14).  For this reason, proximal and distal VM 46 
are often considered as separate muscles (10, 17, 22).  Surface electromyography is one of the 47 
techniques commonly used to characterize quadriceps activation patterns during functional activities 48 
and exercise.  However, the interpretation of the electromyographic (EMG) signals can be complicated 49 
by factors unrelated to the level of muscle activation (16).  For instance, crosstalk (i.e. EMG activity 50 
originating far from the target muscle) between quadriceps heads has been previously described (2); but 51 
no detailed information about recordings from specific regions within the muscle has been reported to 52 
our knowledge.  Extraction of activation patterns is also complicated in dynamic contractions, as the 53 
orientation of the muscle fibers in quadriceps changes with the knee angle (4), and this was 54 
acknowledged as a limitation in studies that analyzed regional activation within the rectus femoris 55 
during cycling (25) and walking (24).  Thus more information on how changes in muscle fiber orientation 56 
influence surface EMG is needed. 57 
High-density surface electromyography (HDsEMG) may be helpful to improve the estimation of 58 
VM regional activation in dynamic contractions.  HDsEMG comprises several small electrodes arranged 59 
in a two-dimensional grid placed over the studied muscles.  As the electrodes are closely spaced, it is 60 
possible to identify where the main source of EMG activity is localized (5) and to describe how the EMG 61 
amplitude decreases in space (23).  In addition, when electrodes along the muscle fibers are considered, 62 
information on the position of the innervation zone can be obtained (1, 8), and it was suggested that the 63 
innervation zone can be used to track changes in muscle fiber position (4).  In isometric contractions of 64 
the trapezius muscle, changes in amplitude distribution along the columns and the rows of the EMG 65 
electrode grid were previously suggested to be related to anatomical factors and regional activation, 66 
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respectively (7).  A similar approach may be used to describe whether shifts in spatial amplitude 67 
distribution can be observed in different directions when they occur as a result of regional activation 68 
versus when the same region is activated but appears in a different location on the grid because of 69 
changes in the muscle fiber orientation with respect to the surface electrodes. 70 
The purpose of this study was to examine the contribution of changes in muscle fiber 71 
orientation occurring at different knee angles to any regional activation identified with HDsEMG.  To do 72 
so, two regions within the VM were selectively activated at different knee angles using intramuscular 73 
electrical stimulation.  Intramuscular stimulation has the advantage of activating a consistent, selective 74 
area of the muscle.  This enables the separation of the effect of regional activation (stimulation of 75 
different regions within the muscle) from changes in fiber orientation (stimulation of the same muscle 76 
region at different knee angles) on the HDsEMG recordings.  Shifts in HDsEMG distribution during 77 
voluntary dynamic contractions would then need to be observed in the same direction as the regional 78 
activation induced by electrical stimulation to be considered as true regional activation. 79 
We anticipated that: i) intramuscular stimulation of two regions within the VM would result in 80 
localized activation of muscle fibers in those regions and be observed as different EMG amplitude 81 
distributions along the columns of the EMG electrode grid; ii) changes in knee angle would result in 82 
small shifts of each EMG amplitude distribution along the rows, and no shift along the columns of the 83 
EMG electrode grid.  In the dynamic contractions, we hypothesized that changes in HDsEMG amplitude 84 
distribution would be observed along the columns of the EMG electrode grid.   85 
METHODS: 86 
Participants 87 
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Twenty-two healthy individuals participated in this study, ten in the intramuscular stimulation protocol 88 
and twelve for the dynamic contractions protocol.  Participants were included if they were older than 19 89 
years old and if they reported no known neuromuscular disorders or recent injury.  Each individual 90 
signed a written informed consent form.  The study conformed to the standards set by the latest 91 
revision of the Declaration of Helsinki and was approved by the University of British Columbia Clinical 92 
Research Ethics Board (H14-02035). 93 
Experimental set-up 94 
Participants sat in the Biodex dynamometer chair (System 4 Pro, Biodex Medical Systems, Shirley, NY, 95 
USA) with the lower leg (randomly selected) strapped to the knee attachment for the duration of data 96 
collection.  Placement of the HDsEMG grid and the stimulation electrodes occurred with the lower limb 97 
in a standard position (sitting with hip flexed at 100 degrees and knee flexed at 90 degrees) and was 98 
guided by anatomical references. The fiber orientation of two muscle regions within the VM and its 99 
medial and lateral edges were identified using an ultrasound imaging system (LogicScan 64 LT-1T, 100 
Telemed, Vilnius, Lithuania) and were marked on the skin.   101 
The innervation zone was located using a linear electrode array (16 silver bar electrodes, 10mm inter 102 
electrode distance, OTBioelettronica, Torino, Italy) positioned over different regions of the VM while the 103 
participants maintained a low-force isometric knee extension.  The innervation zone, identifiable as 104 
phase opposition of the propagating action potentials, was oriented diagonally across the VM (i.e: 105 
aligned from medial-distal to proximal-lateral, fig. 1; see also (8, 9) and was marked on the skin.  The 106 
HDsEMG grid (semi-disposable adhesive matrix; OTBioelettronica, Torino, Italy) consisted of 64 107 
electrodes arranged in 5 columns and 13 rows (an electrode missing in one of the corners), spaced 8 mm 108 
with a total area covered by the electrodes: 96x32 mm.  The position of the electrode grid was 109 
determined according to the following anatomical references: i) innervation zone aligned between the 110 
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2nd and 3rd column; ii) center of the grid placed approximately halfway between the medial and distal 111 
edge of the VM. The grid was held in place using bi-adhesive foam, and conductive paste (Ten20, 112 
Weaver and Co., Aurora, CO, USA) ensured an optimal electrical contact between the skin and the 113 
electrodes.  Two reference electrodes (2x3.5cm; conductive hydrogel; Kendall, Covidien, Mansfield, MA, 114 
USA) were placed on the patella and on the medial side of the knee.  Motor unit action potentials are 115 
generated in the innervation zone and then propagate along the muscle fibers, hence the monopolar 116 
EMG activity detected over the innervation zone represents the activation of the whole fiber.  As VM 117 
fibers are parallel to the skin, the EMG signals collected with HDsEMG in this study are representative of 118 
the activation of a VM region larger than the grid itself.   119 
Intramuscular stimulation of VM was performed using two insulated Teflon-coated stainless steel fine 120 
wire electrodes. Each electrode consisted of a 50 µm diameter wire (California Fine Wire Company, CA, 121 
USA) with 3 mm of the insulation stripped at the tip and threaded through a disposable 3.5 cm long, 25 122 
gauge hypodermic needle (Becton Dickinson and Company, Franklin Lakes, NJ, USA) for intramuscular 123 
insertion.  A small hook was made at the terminal end of the fine wire electrode that held the electrode 124 
in place after the needle was removed.  All wire electrodes and hypodermic needles were sealed and 125 
autoclaved in an AMSCO Sterilizer (STERIS Corporation, Mentor, Ohio, USA) for 45 min at 120º C prior to 126 
use.  Because electrical stimulation performed close to the neuromuscular junction requires lower 127 
intensities than stimulation applied to other locations within the muscle (18), the insulated tip of the 128 
wire was placed close to the innervation zone (as identified above) by puncturing the skin approximately 129 
25 mm distal to the innervation zone, and advancing the needle at a constant angle of 45 degrees to the 130 
skin surface following the muscle fiber orientation previously determined.  As shown in fig. 1, the 131 
electrodes were inserted approximately 40 mm apart, close to electrode rows 5-6 (defined: proximal 132 
stimulation site) and rows 10-11 (defined: distal stimulation site).  .  The stimulation was applied in 133 
monopolar modality with single square pulses of 10 µs duration, using the wire as the cathode and a 134 
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large carbon stimulating electrode (5x10 cm), placed on the back of the thigh as the anode.  Stimulation 135 
was conducted through a constant-voltage stimulator (Grass S88, Natus Neurology Inc. - Grass Products, 136 
Warwick, RI, USA) with a stimulus isolation unit triggered by a digital interface (Power 1401 with Spike2 137 
software, Cambridge Electronic Design, Cambridge, UK).   138 
Anatomical reference 139 
Anatomical references are illustrated in fig. 1.  Shifts in EMG amplitude distribution will be described as 140 
“along the columns”, when aligned with the long dimension of the HDsEMG grid with high row numbers 141 
being distal and low row numbers being proximal; or “along the rows”, when aligned with the short 142 
dimension of the HDsEMG grid, with electrodes closer to the kneecap being lateral and away from the 143 
kneecap being medial.  It should be noted that the grid used in this experiment did not cover all the 144 
innervation zones of the VM motor units.  For this reason, throughout the manuscript the terms 145 
“proximal” and “distal” do not refer to the VM as a whole but rather as relative to the area of the 146 
muscle examined with the HDsEMG system. 147 
Intramuscular stimulation protocol 148 
Intramuscular electrical stimulation of two sites within the VM was delivered at 5, 30, 60, or 90 degrees 149 
of knee flexion (0 equals to full extension).  In addition, to examine the effect of tendon slack on the 150 
EMG amplitude distribution, the stimulation was applied at rest or while the participant was maintaining 151 
a low-force background contraction.  The stimulation intensity was set just above motor threshold for all 152 
knee angles (as determined by the presence of a visible muscle twitch); however, the stimulation 153 
amplitude could differ between the wires and when the stimulation was applied at rest or with a 154 
background contraction.  The pulses were delivered approximately 2 s apart.  Ten stimuli were delivered 155 
in each stimulation location at 4 different knee angles, repeated with/without background contraction.  156 
The testing order of the four knee angles was randomized.  The knee joint angle was set using the 157 
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Biodex dynamometer in isometric mode.  The amplitude of the background contraction was 158 
standardized based on the surface EMG.  As knee extension torque may be produced by activating 159 
different synergists, feedback based on EMG rather than force was used to standardize VM activation.  160 
Participants were asked to maintain a contraction level of approximately 50 µV, which resulted in a knee 161 
extension torque between 5% and 10% of the maximal voluntary contraction (MVC); the MVC was 162 
measured three times with the knee at 90 degrees of flexion at the end of the protocol. 163 
Dynamic contractions protocol 164 
Participants sat in the Biodex chair with their hip flexed 100 degrees and performed three knee 165 
extension isometric MVCs with their knee flexed at 45 degrees.  Then the Biodex was set to provide an 166 
isotonic resistance equal to 10% of the isometric MVC during knee flexion-extension movements.  The 167 
participants practiced performing smooth knee flexion-extensions from 90 to 10 degrees of knee flexion 168 
for 5-8 trials.  The protocol consisted of ten cycles of 3s concentric knee extension, 3s eccentric knee 169 
flexion, 3s rest.  The timing was standardized using a metronome. 170 
Data analysis 171 
Electromyographic signals were collected in monopolar modality using a HDsEMG amplifier (128-172 
channel EMG-USB; OTBioelettronica, Torino, Italy).  Signals were amplified 200-500 times and digitized 173 
at 2048 samples/s using a 12 bit A/D converter.  Before data processing, signals were band-pass filtered 174 
(10-400 Hz) using a 4th order Butterworth filter.  Channels with noise or artifacts due to bad skin-175 
electrode contact (approximately 1-2 channels per participant) were identified through visual inspection 176 
and replaced with the linear interpolation of the adjacent channels.  Stimulation onset (intramuscular 177 
stimulation protocol) or knee angle (dynamic contraction protocol) signals were also digitized with the 178 
same EMG acquisition system. 179 
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All data analysis was performed in Matlab R2013b (The MathWorks, Inc., Natick, MA, USA).  In the 180 
intramuscular stimulation protocol, the onset of the stimulation artifact was determined by visual 181 
inspection for each participant.  The stimulation artifact is easily distinguished from the compound 182 
muscle action potential as it occurs simultaneously on all the channels, whereas the first negative peak 183 
of the M-wave can be observed at different latencies in the adjacent channels along the rows because of 184 
its propagation along the muscle fiber.  Samples contaminated by the stimulation artifact were excluded 185 
from the analysis.  The M-waves were similar both for repeated stimulation at a single knee angle (fig.2) 186 
and at different knee angles (fig.3).    For each stimulus, the amplitude of the response in each channel 187 
was defined as the peak-to-peak value of the M-wave, resulting in 64 amplitude values, which were 188 
averaged across the 10 stimuli.  Afterwards, the spatial resolution of the amplitude distribution was 189 
improved by interpolation (spline, factor 8) (9, 13).  With this method, a virtual grid with channels 190 
spaced 1 mm in both directions was obtained.  All the amplitude distributions had a single EMG 191 
amplitude peak and values monotonically decreasing along both columns and rows of the grid; the 192 
location of this peak on the grid was determined by extracting both coordinates.  The analysis of the two 193 
coordinates separately enables to characterize changes in amplitude distribution occurring along the 194 
rows from those occurring along the columns of the electrode grid.  In the dynamic contractions 195 
protocol, each of the eccentric and concentric phases was split into 4 intervals of 20 degrees to provide 196 
a total of 8 intervals per trial.  For each interval, an amplitude distribution was obtained by calculating 197 
the average rectified value (ARV) for each channel of the grid.  As regional activation is expected to be 198 
represented by changes along the columns of the electrode grid, only the maximum of each row of 5 199 
electrodes was considered; this created a virtual array of 13 values, describing the amplitude 200 
distribution along the columns of the grid; regional activation was described as the barycentre of the 3 201 
channels with the highest amplitude.  The activation level was quantified as the average amplitude 202 
values of the 3 channels, expressed as a percentage of the EMG activity measured during the MVC 203 
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(amplitude of the 4 highest amplitude values).  Also, to characterize the amount of EMG activity 204 
measured by the top three electrodes in comparison to the 13-channel distribution, the difference 205 
between amplitude of the peak and that of the other channels was quantified as: 100*(M3 - M13)/M3, 206 
where M3 is the average amplitude of the three highest channels and M13 is the average of the 13 207 
values. 208 
In a secondary analysis, we determined whether isometric contractions performed at different knee 209 
angles resulted in different EMG amplitude distributions.  The data collected when intramuscular 210 
stimulation was applied while keeping a background activation was analyzed.  M-waves (intervals from 211 
50 ms before to 150 ms after each stimulus) were excluded from the analysis.  The average rectified 212 
value (ARV) was calculated for each channel of the grid in a 15s epoch moving in steps of 250 ms.  The 213 
epoch in which the average of the five largest amplitude values was closest to 50 µV was used for the 214 
analysis.  The EMG amplitude distribution along the columns of the grid was quantified in the same way 215 
as for the dynamic contractions.  216 
Statistical Analysis 217 
For the intramuscular stimulation protocol, the decrease in amplitude with distance from the peak is 218 
reported as the mean and standard deviation at different distances from the peak.  Two separate 3-way 219 
ANOVA tests were used to test the effect of knee angle, stimulation location and background 220 
contraction on the position of the peak of the EMG amplitude distribution along the columns and the 221 
rows of the EMG electrode grid.  Amplitude data were reported as the peak-to-peak value (positive and 222 
negative deflections). To ensure that the stimulation artifact that periodically covered part of the onset 223 
of the M-wave did not influence the results of these analyses, 3-way ANOVA tests were applied also on 224 
the coordinates extracted from the second, positive peak only.  As the main results of the two analyses 225 
are comparable, only data for peak-to-peak amplitudes are reported.  226 
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For the dynamic contractions protocol, the effect of knee angle and contraction type (concentric, 227 
eccentric) on the position of EMG amplitude distribution along the columns of the grid was tested using 228 
2-way ANOVA. Because the amplitude distribution may be influenced by the activation level, the same 229 
test was also run on the normalized EMG amplitude to test whether knee angle and contraction type 230 
influence the amount of muscle activation. 231 
For both experiments, statistical analyses were performed using SPSS v. 22 (IBM Inc., Armonk, NY, USA).  232 
All factors were considered as within-subject.  The assumption of normally-distributed data (Shapiro-233 
Wilk test) was met for all tests; when sphericity (Mauchly’s test) was not assumed, a Greenhouse-234 
Geisser correction was applied.  Bonferroni corrections were applied to post-hoc pairwise comparisons.  235 
Post-hoc analysis of the factor angle in the dynamic contractions protocol was performed across the 4 236 
levels using a contrast analysis (12).   237 
For the isometric contractions, the effect of knee angle on the position of EMG amplitude distribution 238 
along the columns of the grid was tested using the Friedman test because the data were not normally 239 
distributed.  Post-hoc pairwise comparisons were run using paired Wilcoxon tests with Bonferroni 240 
correction. 241 
Comparisons that identified shifts in the amplitude distribution smaller than half an interelectrode 242 
distance (< 3.5 mm) are not reported as such small shifts are below the spatial resolution of the 243 
electrode grids.  The statistical significance was set at P < 0.05. 244 
RESULTS: 245 
Participants 246 
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Ten participants took part in the intramuscular stimulation protocol (3 female; 30 ± 11 years old; height: 247 
180.7 ± 8.2 cm; weight: 75.9 ± 12.6 kg) and twelve in the dynamic contractions protocol (10 female; 27 ± 248 
4 years old; height: 172.2 ± 9.5 cm; weight: 63.0 ± 12.4 kg).   249 
Intramuscular stimulation protocol 250 
Each M-wave was biphasic with an initial negative deflection, partially covered by the stimulation 251 
artifact, and a second positive peak.  Different latencies across channels due to propagation of the 252 
action potential could be observed for the negative but not for the positive peak (fig. 2 and 3), and this 253 
helped identify M-waves from artifacts (highlighted in fig. 3).  In the channel with the largest response, 254 
the latency was on average 14.7±0.9 ms and 28.3±3.1 ms for the negative and positive peaks, 255 
respectively.  The M-wave peak-to-peak value was a median of 3581 µV (25th - 75th percentiles: 1586 – 256 
7868 µV).  The variability of the responses across the ten stimuli was negligible (fig. 2).  Figure 3 257 
illustrates M-waves at all the angles tested. 258 
Changes in M-wave amplitude with distance 259 
Each stimulation resulted in a single, well-defined peak of activity in the EMG amplitude distribution (fig. 260 
4A).  From this peak activity, the amplitude decreased monotonically both along rows and columns of 261 
the grid.  The average decrease in EMG amplitude with distance from the peak averaged across 262 
participants is shown in fig. 4B.  When normalized to the peak amplitude, monopolar EMG signals 263 
recorded one interelectrode distance (8 mm) away from the peak were on average 90.1±6.2% of the 264 
maximum amplitude.  Amplitude further decreased with distance to 71.2±11.0% at 16 mm, 51.9±12.5% 265 
at 24 mm and became less than 10% (9.9±4.9%) of the peak value at a distance of 64 mm from the peak. 266 
Intramuscular stimulation 267 
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The position of the maximum EMG peak-to-peak amplitude was analyzed for the “along the columns” 268 
and the “along the rows” coordinates separately (fig. 5).  For the direction “along the columns” (fig. 5A), 269 
stimulation applied to the proximal site resulted in EMG activity localized on average 47.3 mm more 270 
proximal than that resulting from stimulation of the distal site (F (1, 9) = 364.1, P < 0.001).  There was an 271 
interaction effect of knee angle and background contraction (F (3, 27) = 5.6, P < 0.01).  Post-hoc testing 272 
revealed that stimulations applied while holding a background contraction resulted in a more proximal 273 
coordinate of the EMG peak than at rest at all the knee angles (P < 0.01; mean difference: 3.9 mm), but 274 
no differences amongst knee angles were identified (P > 0.06, shift smaller than half an interelectrode 275 
distance). 276 
For the “along the rows” direction (fig. 5B), the position of the maximum EMG peak-to-peak amplitude 277 
was influenced by knee angle and background contraction (interactive effect, F (3, 27) = 6.4, P < 0.01).  278 
The EMG peak shifted medially at each knee angle (post-hoc test, P < 0.05) except when the knee was 279 
moved from 30 to 5 degrees while holding a background contraction (P = 0.59). The total shift (from 90 280 
to 5 degrees) was 6.2 mm at rest and 7.5 mm while holding a background contraction.  Furthermore, the 281 
position of the EMG peak was influenced by stimulation location and background contraction 282 
(interactive effect, F (1, 9) = 6.1, P < 0.05). Post-hoc analysis revealed that the EMG peak amplitude was 283 
more medial for the proximal than for the distal stimulation site, more so when stimulation was applied 284 
at rest (P < 0.05; difference: 4.9 mm) than while holding a contraction (P = 0.08; difference: 3.8 mm). 285 
Dynamic contractions 286 
Data from representative participants are shown in fig. 6, and data pooled across participants are shown 287 
in fig. 7.  On average, the region of maximal EMG amplitude was localized more distally in eccentric 288 
compared to concentric contractions (P < 0.05) and moved proximally (P < 0.05) with knee extension 289 
(linear trend, P < 0.05).    However, this was not uniformly found in all participants (fig. 6 right panel), as 290 
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indicated by the large standard errors in fig. 7A.  A proximal shift of the region of maximal EMG 291 
amplitude with more extended knee positions was observed in 9 participants out of 12 both in the 292 
concentric and in the eccentric phases; a distal shift of maximal EMG amplitude in the eccentric 293 
compared to the concentric phase of the movement was observed in 10 participants out of 12 (at 70-50 294 
degrees).  A trend for an interactive effect between knee angle and contraction type was identified (P = 295 
0.07), and post-hoc comparisons showed that the region of maximal amplitude within the VM was more 296 
distal in the eccentric than in the concentric contraction between 30 and 70 degrees (P < 0.05), but not 297 
when the knee was more extended or more flexed (P > 0.13).  The amplitude of the three highest 298 
channels was on average 14.2±6.8% higher than the average of the array of 13 amplitude values.  299 
Amplitude increased linearly with the knee angle (linear trend, P < 0.001).  An interaction effect 300 
between knee angle and contraction type was identified for the peak amplitude (fig. 7B; P < 0.01) with 301 
the amplitude being higher in the concentric than in the eccentric phase of the knee extension between 302 
30 and 10 degrees only (P = 0.05).   303 
Isometric contractions:  304 
The region of maximal amplitude within the muscle differed across joint angles (P < 0.05).  The 305 
amplitude distribution was localized more proximally at 30 than at 90 degrees (P < 0.017) and there was 306 
a trend for a difference between 60 and 90 degrees (P = 0.022) and 5 and 90 degrees (P = 0.047); no 307 
differences were identified across the other angles. 308 
DISCUSSION 309 
This study demonstrated that shifts in EMG amplitude distribution associated with regional 310 
activation versus changes in muscle fiber orientation were differentially observed on the two 311 
dimensions of the electrode grid.  These findings were used to interpret data on regional activation 312 
within the VM in dynamic voluntary contractions. 313 
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In this study, the activation of regions within the VM could be described in space by a single 314 
amplitude peak.  Across the muscle fiber direction, both monopolar and differential surface EMG signals 315 
peak above the location of the active motor units (20); along the muscle fiber direction, monopolar EMG 316 
signals peak above the innervation zone while differentials peak twice, between the innervation zone 317 
and each tendon (19).  In the current study, the columns of the EMG electrode grid were aligned to the 318 
VM innervation zone, and therefore each electrode was placed on a different group of fibers.  For this 319 
reason, shifts in EMG amplitude observed along the direction of the columns indicate regional 320 
activation.  Instead, the rows of the grid were placed along the approximate VM fiber direction, hence 321 
changes in EMG amplitude distribution along the direction of the rows would be related to changes in 322 
fiber orientation. 323 
Intramuscular stimulation has two main advantages over surface stimulation. First, 324 
intramuscular stimulation can be applied at lower intensities, likely reducing the stimulation artifact.  325 
Second, because the wire was placed in the muscle, it increases the likelihood that the same groups of 326 
muscle fibers were targeted at different knee angles (fig.3).  Surface stimulation electrodes would be 327 
more affected by movement of the muscle fibers with respect to the skin which could result in 328 
stimulation of different muscle fiber groups with changing knee angle.  Of note, the placement of the 329 
intramuscular wire in this study ensured that most of the electrical stimulation was applied in close 330 
proximity to the fiber innervation zone, likely resulting in a direct stimulation of the neuromuscular 331 
junction or of the terminal nerve branches at low stimulus intensities.  The combination of intramuscular 332 
stimulation technique and HDsEMG may also be used to study the effects of changes in muscle 333 
architecture and regional activation on the EMG signals from other muscles, as long as the innervation 334 
zone can be properly located. Another application may be for the study of localized myoelectric 335 
manifestations of fatigue in response to repetitive electrical stimulation of muscle regions. 336 
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Electrical stimulation selectively applied through intramuscular fine wire electrodes resulted in a 337 
localized peak of EMG activity.  Approximately 25 mm away from the peak, the EMG amplitude was 338 
decreased by half.  At more than 60 mm from the peak, the M-wave amplitude was only 10% of the 339 
largest response detected by the grid.  Given that VM motor unit action potentials were shown to have 340 
localized representation on the skin, suggesting that muscle fibers innervated by individual VM 341 
motoneurons are confined to limited muscle regions (9), the amplitude distribution of the M-waves 342 
observed in this study suggests that the intramuscular electrical stimulation focally recruited motor units 343 
with muscle fibers confined to the VM region of interest. 344 
Stimulation applied through the proximal or distal intramuscular electrode had a large effect on 345 
the amplitude distribution along the columns.  The peak of EMG activity observed on the grid was close 346 
to the electrode column where the wire was inserted.  This confirms that changes in regional activation 347 
within the muscle are reflected in shifts in the EMG amplitude along the columns of EMG electrode grid.  348 
The location of the intramuscular stimulation also had a small effect on the position of the EMG 349 
amplitude peak along the rows of the electrode grid, resulting in a more medial position of the EMG 350 
peak amplitude when the stimulation was applied proximally, especially at rest.  Minor differences in 351 
the alignment of the electrode grid with respect to the proximal and distal innervation zones might 352 
explain this difference. 353 
In the stimulation protocol, changes in knee angle mainly influenced the EMG amplitude 354 
distribution along the rows of the electrode grid.  The total excursion of the EMG amplitude peak with 355 
the tested knee angles was close to one interelectrode distance, and it was not uniform across the knee 356 
angles.  Extending the knee from 90 to 60 degrees of flexion resulted in the largest shift, followed by 60 357 
to 30 and lastly at the final degrees of knee extension some comparisons failed to reach statistical 358 
significance.  Two studies investigated changes in the position of the innervation zone along the fiber 359 
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direction at similar knee joint angles; a shift of up to 10 mm in two individuals out of three (3) and 360 
inconsistent shifts across VM regions (8) were reported.  Our findings were in the same order of 361 
magnitude, suggesting that the shift in EMG amplitude distribution resulted from a proximal movement 362 
of the innervation zone with increasing knee extension.  Changes in knee angle had a minor influence on 363 
the EMG amplitude distribution along the columns of the electrode grid, with a non-significant proximal 364 
shift of less than half an interelectrode distance.  Notably, this shift was much smaller than that related 365 
to regional activation (six interelectrode distances), hence shifts of the EMG amplitude along the 366 
columns of the electrode grid related to changes in knee angle are unlikely to be a confounding factor in 367 
the estimation of regional activation within VM. 368 
Holding a background contraction mainly influenced the EMG amplitude distribution along the 369 
columns of the electrode grid.  The largest M-waves were localized one half of an interelectrode 370 
distance more proximally when elicited during a background contraction than at rest.  A small shift was 371 
identified along the rows of the electrode grid.  The inclusion of the background contraction in the 372 
testing conditions was necessary to analyze the effect of muscle and tendon slack on the position of the 373 
EMG amplitude distribution.  Similar to the changes observed with altering knee angle, the relatively 374 
small shift (one half of an interelectrode distance) of the EMG amplitude distribution along the columns 375 
of the electrode grid related to holding a background contraction is unlikely to impact the estimation of 376 
changes in regional activation within the VM. 377 
Changes in barycenter of the EMG amplitude distribution along the columns of the electrode 378 
grid were observed during dynamic knee flexion-extension contractions and in the isometric 379 
contractions at different knee angles.  We suggest that in the dynamic task changes in muscle fiber 380 
orientation are unlikely to explain this redistribution.  Given the results of the intramuscular stimulation 381 
protocol, these changes in amplitude distribution may be explained by preferential regional activation 382 
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within the VM.  This interpretation is further strengthened by the comparison of concentric and 383 
eccentric contractions, as significant differences in the amplitude distribution along the electrode grid 384 
were observed for the same knee angles (fig. 7).  While inter-subject variability in muscle anatomy (11) 385 
and in motor strategies to accomplish the task may have resulted in inconsistent patterns across 386 
individuals, pooled data showed that the amplitude distribution along the columns of the grid was 387 
localized more distally in eccentric contractions and at more flexed knee joint angles.  A similar pattern 388 
was observed in the isometric contractions; differences between these findings and the non-significant 389 
ones reported in a previous study (6) are likely due to difference in protocols and data analysis.  In this 390 
study, because the activation level was not different for 7 out of 8 angles tested, the difference in 391 
amplitude distribution observed between concentric and eccentric contractions cannot be attributed to 392 
differences in the intensity of muscle activation.  We cannot exclude the possibility that the intensity of 393 
muscle activation had an impact on the proximal shift of the EMG amplitude with increasing knee angle 394 
in both concentric and eccentric contractions. Future studies should investigate the influence of knee 395 
angle and voluntary muscle activation level separately.  The difference in EMG amplitude distribution 396 
between concentric and eccentric contractions provides preliminary evidence that regions within the 397 
VM can be preferentially recruited according to the mechanical demand of the task. This may reflect 398 
strategies to compensate for mechanical efficiency (e.g. regional differences in fiber shortening at 399 
different knee angles; 15, 26) and/or to take advantage of the different force vectors produced by fibers 400 
residing in different regions of the muscle (14).  Future studies are needed to investigate the 401 
mechanisms and functional consequences of regional muscle activation, as well as the consistency of 402 
these strategies across healthy individuals and in clinical populations. 403 
This study has some limitations.  Some of the measures described in the intramuscular stimulation 404 
protocol were on average close to or less than half of an interelectrode distance.  While these measures 405 
were calculated on signals interpolated from electrodes spaced 8 mm apart, the shift of the peak EMG 406 
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amplitude was consistent across participants and conditions. Even if the effects that identified shifts 407 
smaller than one interelectrode distance were simplified as “no shift”, the main findings of this study 408 
would not change.  There was an imbalance in the number of male and female participants in the two 409 
experiments.  While differences in subcutaneous adipose tissue might affect some parameters of the 410 
EMG signal, a recent study (19) showed that motor unit depth influences how widely its surface 411 
amplitude distributes on the skin but not the position of its peak amplitude, which is the main 412 
parameter of interest in this study.  Furthermore, the analysis of isometric and dynamic voluntary 413 
contractions revealed similar results although being performed on two different groups of participants. 414 
 415 
CONCLUSIONS 416 
 High-density surface electromyography revealed consistent changes in the EMG amplitude 417 
distribution associated with regional activation and changes in muscle fiber orientation.  An appropriate 418 
placement of the electrode grid enabled us to distinguish regional activation (shifts of EMG amplitude 419 
distribution along the columns of the grid) from changes in muscle fiber orientation associated with 420 
changes in knee angle (shifts of EMG amplitude distribution along the rows of the grid).  Shift of the 421 
EMG amplitude distribution along the columns of the electrode grid related to changes in knee angle 422 
and muscle contraction were on average negligible (less than one half of an interelectrode distance) and 423 
much smaller than the shift observed for regional activation (six interelectrode distances in this study).  424 
When used to investigate within-muscle changes in a voluntary dynamic task, this technique showed a 425 
proximal shift of the amplitude distribution in more extended knee positions and in concentric 426 
compared to eccentric contractions that likely reflects preferential activation of muscle regions in the 427 
VM. 428 
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FIGURES: 496 
 497 
Figure 1: Experimental setup.  The 64 electrode grid was placed so that the VM innervation zone 498 
(dashed line) was located between the 2nd and 3rd column of electrodes.  The wires used for stimulation 499 
(black triangles) were inserted close to electrode rows number 5-6 (proximal) and 10-11 (distal).  500 
Orientation of the VM fiber was illustrated based on the data from Smith et al. (21). 501 
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 502 
Figure 2: Example of M-waves elicited by stimulation of the proximal (A) and distal (B) muscle regions in 503 
a representative participant (knee angle: 90 degrees).  Channels are organized as in the electrode grid in 504 
fig. 1.  Each channel shows 10 responses superimposed.  When the stimulation is applied proximally, 505 
almost no EMG activity can be observed in the distal muscle region and vice-versa. 506 
  507 
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 508 
 509 
 510 
Figure 3: Example of action potentials along columns (A) and rows (B) of the grid.  The stimulation 511 
artifact is highlighted (dotted lines).  M-waves elicited at the four knee angles tested are superimposed; 512 
the thicker, grey lines identify stimulations at 90 degrees.  In A, action potential propagation can be 513 
observed as longer latencies of the negative peak in channels far (1, 4 and 5) than channels close to the 514 
innervation zone (IZ - 2 and 3); the negative peak in column 5 occurs 4 ms later than in column 3 515 
(detailed in panel C).  This confirms that the rows of the grid were placed along the approximate VM 516 
fiber orientation.  In B, the difference in latencies across channels is minimal; the negative peak in row 7 517 
occurs 1 ms later than in row 9 (detailed in panel D).  Differences in latency between positive and 518 
negative peak of each M-wave at different knee angles are likely related to changes in muscle fiber 519 
length. 520 
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 521 
Figure 4: A) EMG amplitude distributions at different knee angles in a representative participant.  The 522 
gray scale of each map is normalized between 0 and its maximal value (reported on top of each panel).  523 
The peak is localized more proximally (along the columns) when the stimulation is applied proximally 524 
(top vs. bottom panels).  A lateral-medial shift (along the rows) shift can be observed as the knee is 525 
moved to a more extended position (panels on the right). B) Decrease of EMG amplitude with distance.  526 
For all participants and conditions (N = 160), amplitude values were normalized to the peak, pooled 527 
together and plotted as a function of the distance from the peak in steps of 8 mm (inter-electrode 528 
distance).  Bars indicate standard deviation. 529 
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 530 
Figure 5: Shift of EMG amplitude distribution along columns (A) and rows (B) of the electrode grid.  531 
Effects of stimulation site (proximal, grey; distal, black) and background contraction (rest, square; 532 
background contraction, circle) can be clearly observed along the columns (A).  Effects of knee joint 533 
angle can mainly be observed along the rows (B).  Data are mean ± standard error; * P < 0.05; ** P < 534 
0.01. 535 
  536 
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 537 
 538 
Figure 6: Examples of EMG amplitude distributions at different knee angles in the concentric/eccentric 539 
phase of the dynamic contraction.  The gray scale of each map is normalized between 0 and its maximal 540 
value (reported on top of each panel).  Black circles identify the peak channels.  The peak EMG activity 541 
was more proximal in the concentric phase than the eccentric phase at each knee angle for participant 542 
A.  Participant B shows an opposite pattern (a single knee angle is shown for illustrative purposes).   543 
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 544 
Figure 7: Peak EMG amplitude distribution along the columns of the electrode grid (A) and changes in 545 
muscle activation (B) during the dynamic contractions.  Phase of the movement (squares, concentric; 546 
circles, eccentric) and knee angles are shown.  Data are mean ± standard error; * P < 0.05; ** P < 0.01. 547 
